The development in electrical protection relay technology has encouraged inevitable replacement of electromechanical protection relays with microprocessor-based protection relays recently developed. Some problems occurred, especially during the replacement program. The most challenging one is the migration from a manufacturer with non-standard inverse time-overcurrent curve to IEC or IEEE curves, especially when both microprocessor-based and electromechanical protection relays are installed in the same system. A study of protection coordination for the overall system prior to the replacement program is needed. However, this exhaustive approach can be avoided by emulating existing non-standard inverse time overcurrent curve on the new microprocessor-based protection relay, as long as such curve is still adequate to be re-implemented. This paper aims to develop a general procedure to emulate electromechanical protection relay on microprocessor-based protection relay. It is done by tuning the time multiplier setting of the standard curve to match data point of current and time from the non-standard curve. This procedure has been tested with great success during the renewal of feeder protection relay at Siguragura Power Station. It is concluded that a particular non-standard characteristics curve of electromechanical protection relay can be consistently replaced by a certain standard curve of microprocessor-based protection relay.
Introduction
Electric power stations and facilities built around 1970s and 1980s, such as Siguragura Power Station, have employed predominantly electromechanical (also known as induction-disk) protection relays as the main component of generator, transformer, bus bar, and feeder protection systems-with only small part of the system used solid-state protection relays. Those electromechanical protection relays are widely known for having excellent reliability even after more than 30 years of service [1] . With carefullyplanned periodic maintenance, their service life may even be extended up to 20 years more.
However, electromechanical protection relays are also subjected to the same problem encountered by any other equipment: they will eventually fail, with common mode of failure includes unrepairable friction, oxidation and outgassing of material, deteriorated wire insulation, presence of metallic whiskers, etc. [2] . Plant engineer must arrange a replacement program for the existing deteriorated relays.
With proven reliability and absence of any serious disadvantage, it is not uncommon that some plant engineers are actually still inclined to reapply this kind of protective device in their proposal of replacement or refurbishment program. On the other hand, manufacturers of electrical protection relay have clearly stated that the production line of electromechanical protection relay has been discontinued and that they have been solely manufacturing microprocessor-based protection relay. Beginning around 1990s, microprocessor-based protection relay has gained so much popularity with its new features of monitoring, control, disturbance and event handling, communication, beside its main feature of protection [3, 4] . Albeit there is still heated debate on the advertised superiority of microprocessor-based protection relay over its electromechanical counterpart [5] , plant engineers thus have no alternative other than accepting this shift in technology [1] . During the implementation of replacement program, the process is not as simple as it may seem. First, microprocessor-based protection relay uses standardized characteristics, mostly [6, 7] , while the characteristics of electromechanical relay is specially designed by its manufacturer, such as in [8, 9] . Besides, considering the continuity of plant operation, replacement program is most often executed in several stages, instead of one-continuous project, giving rise to an unavoidable condition of mixed presence of both microprocessor-based and electromagnetic protection relay in the system, although temporarily. Thus, the introduction of microprocessor-based protection relay into existing system requires careful calculation to ensure that protection coordination is always fulfilled.
Theoretical Review
The coordination of protective devices should be calculated after load-flow and short-circuit studies, based on equipment specifications and the topology of the electrical network as well as its critical operating scenarios [10] . Unless no change has been made on the topology and operating scenario of electrical network, the previous loadflow and short-circuit studies are considered still valid, the ones used earlier as the basis to set electromechanical protection relay in the first place. Thus, existing pick up current setting need no revision, whereas the selection of inverse timeovercurrent curve and time multiplier setting will be restudied such that it coordinates well with downstream and upstream protection relays.
The mixed presence of electromechanical and microprocessor-based protection relays in the system, each having different shape of timeovercurrent curve, makes coordination study more difficult [10] . Fortunately, most microprocessorbased protection relay has characteristics defined by mathematical equation, making it possible to emulate the characteristics of electromechanical protection relay [11] , using various approaches as described in [12] . This clearly gives a much simpler solution to our protection coordination problem.
In this paper, an alternative approach to emulate the electromechanical protection relay is presented, i.e. by utilizing the built-in standardized characteristics curves of micropro-cessor-based protection relay instead of creating a new special curve. This is done first by finely tuning the time multiplier setting on each standardized characteristics curve such that it gets as closely as possible to the known data points from previous non-standard characteristics curve. Then, among these tuned curves, plant engineer must select the most appropriate one(s). Finally, the new chosen curve(s) must be graphed together with upstream and downstream curves to confirm that the required coordination had been successfully achieved. Now, let us consider microprocessor-based protection relay having built in general characteristics curve as follows,
is multiple of pickup current setting, while A, B, and C are constants defining curve type as shown in Table 1 . To tune characteristics curve, the method of nonlinear curve fitting will be used. This method aims to find the best-fitting curve to a given set of points by evaluating the sum of the squares of the offsets of the points from the curve, mathematically denoted as R 2 [13] . In our case, given paired data point of time and current from old characteristics curve,
the objective is to find MS such that R 2 becomes minimum, where
Those data point can be collected by testing the relay directly or evaluating its time-overcurrent curves. Plant engineer then chooses the lowest value of R 2 , which indicates that the corresponding curve most resembles the non-standard characteristics curve to be replaced. Microsoft Excel ® Solver add-in will be used to solve equation (3) with the general procedure as described in [14] .
In addition, Pearson correlation coefficient will be calculated to evaluate the linear correlation between the tuned curve and collected data point.
Research Methodology
To put this alternative approach into a test, we will consider and analyze a case encountered during first stage replacement program of protection relay for 6.6kV network at Siguragura Power Station as shown in Figure 1 below, with corresponding coordination graph as shown in Figure 2 . In this first stage, Relay2 was replaced, i.e. from electromechanical protection relay Meidensha Electric's KIO-CR to microprocessorbased one SEL 351A.
The required data point of time and current for existing Relay2 are given in Table 2 . Those data point are acquired from characteristics curve available in catalogue [8] and some of them have been verified by measurement. Later, they will be used to tune characteristics curve of SEL 351A by nonlinear curve fitting method as described in Section 2. Second-stage replacement program is also discussed, in which Relay4 was replaced, to check the validity of the proposed procedure for tuning the characteristics curve, especially for the same relays having different settings. The required data point of time and current for existing Relay4 are given in Table 3 below, some of them have been verified by measurement as well. Finally, a comparison is also made for the case of replacing Relay1, this time for different set of brands, i.e. from electromechanical protection relay Toshiba's IC01D to microprocessor-based one Toshiba's GRD140. The required data point of time and current for existing Relay1 are given in Table 4 below. Table 5 shows the calculated value of R 2 and Pearson correlation coefficient for each curvefitted characteristics of microprocessor-based protection relay using data point of Table 2 . Since SEL protection relays to be used in this case do not originally recognize IEEE curves, no calculation will be performed for such curves. Referring to Table 5 , there are four curves to be considered as the most appropriate candidates to replace characteristics curve of Relay2 since they have the lowest R 2 , i.e. US Moderately Inverse, US Short-Time Inverse, IEC Standard Inverse and IEC Short-Time Inverse. These four finely-tuned curves will then be graphed together alongside upstream and downstream curves. This is shown in Figure 3 below. Figure  1 , including four finely-tuned curves.
Results and Discussion

First Stage Replacement Program
Judging from Figure 3 , these four finely-tuned curves are quite well in emulating the characteristics curve of existing Relay3. Despite such eligibility, it was then decided to select IEC Standard Inverse curve with MS 0.36 in anticipation of replacing the upstream-side Relay1 with different brand of protection relay on another stage of replacement program-such mixed presence of various brand of protection relay gets more common today and we will also consider this case later in Section 4.3. This reason seems trivial at first glance. Nevertheless, it is commonly thought that IEC curves are more favorable than US curves, since they are more widely available in many other brands of microprocessor-based protection relay. Table 6 shows similar data as Table 5 , but for the case of replacing Relay4. By following our previous reasoning, it turns out that there are also four curves to be considered as the most appropriate candidates to replace characteristics curve of Relay4. These four curves happen to be exactly the same as in earlier case of replacing Relay2, only that the calculated MS becomes smaller, proportional to corresponding time multiplier setting of the replaced relay. In our first case, the old relay's time multiplier setting is 6 and the calculated MS of the chosen new relay is 0.36. Now as the former is divided by two, the latter is also divided by two. This suggests, or even proves, that a particular nonstandard characteristics curve can be consistently replaced with certain standardized curve, regardless of time multiplier setting used by corresponding electromechanical protection relay. Continuing our analysis, Figure 4 shows the updated coordination graph which incorporates two new microprocessor-based protection relays: Relay2 and Relay4. So far, the required protection coordination has been successfully achieved. Figure  1 , with two new Relay2 and Relay4.
Second Stage Replacement Program
Using the principles of proportionality as discussed earlier, it then becomes possible to deduce that Relay3 and Relay5 can be replaced by microprocessor-based protection relay having IEC Standard Inverse characteristics curve with MS equal to 0.18 and 0.60, respectively. Not surprisingly, this indeed turns out to be the correct choice. Figure 5 shows the updated coordination graph and once again meeting the required protection coordination. Figure  1 , with new Relay2, Relay3, Relay4 and Relay5. Table 7 shows calculated value of R 2 and Pearson correlation coefficient for the case of replacing Relay1. Unlike SEL, Toshiba protection relays do recognize IEEE curves, but not some US curves. which may lead to poor protection coordination. Again, Figure 6 shows the updated coordination graph. Figure 6 . Coordination graph for network in Figure  1 , with new Relay1, Relay2, Relay3, Relay4 and Relay5.
Other Stage Replacement Program with Different Brand of Protection Relay
According to Figure 6 , protection coordination has been improved by getting rid of cross point(s) between old Relay1 and new Relay2. This settings of new microprocessor-based relays are considered adequate for our purpose. Nevertheless, further examination by plant engineer requires that Relay1 and Relay2 to have closer characteristics curve because electric power on the associated feeder does not always flow forward, but in some rare occasion, it is intentionally reversed. Thus, MS of Relay1 is adjusted from 0.27 to 0.40, making it slightly slower than (or graphically above) Relay2. Figure 7 and Figure 8 shows our final coordination graph and updated specification of protection relay.
Accuracy of Standardized Curve in Emulating Non-Standard Curve
The curve-fitted IEC Standard Inverse is very well in emulating both KIO-CR and IC01D electromechanical protection relays as indicated by Pearson correlation coefficient as high as 99.82% and 96.84%, respectively. It means that the exponential form of equation which defines standard characteristics curve are very good in approximating the behavior of electromechanical protection relay. This suggests the high applicability of our proposed procedure. 
Conclusion
A general procedure to emulate characteristics of electromechanical protection relay on microprocessor-based protection relay has been proposed using nonlinear curve fitting, in which time multiplier setting of standard characteristics curve is finely tuned based on information from existing nonstandard characteristics curve. This general procedure also has been implemented, with great success, during actual protection relay replacement program, involving various different brands of microprocessor-based protection relay.
Based on experience, a particular nonstandard characteristics curve of electromechanical protection relay can be consistently replaced with certain standardized curve provided by microprocessor-based protection relay. The calculated time multiplier setting of new relay is just proportional to existing time multiplier setting of old relay.
